Introduction
Death due to anaesthesia has become rare [1, 2] . By contrast, morbid events related to anaesthetic care are more prevalent and difficult to classify. Haemodynamic changes may signal morbid events during anaesthesia. A decrease in blood pressure (BP), enabling detection of occult haemorrhage, is an obvious example of how haemodynamic monitoring contributes to the diagnosis of a morbid state. However, monitoring for BP variability outside acceptable target thresholds, because it may contribute to postoperative 30-day mortality, is a much more subtle example. It is estimated that 500 million surgeries will be performed worldwide annually by the year 2050, with approximately 2% of these in patients at high risk for the development of cardiovascular complications [3] . In the United States alone, 30 million non-cardiac surgical procedures are performed annually [4] , and 2.5% to 10% of these procedures are associated with peri-operative cardiovascular morbidity and mortality [5] . Prospective and retrospective analyses have identified patientand treatment-related factors ( Table 1) that increase the risk for peri-operative complications, including mortality, myocardial infarction (MI), stroke, acute kidney injury, pulmonary embolism, atrial fibrillation, and excessive bleeding [3, [6] [7] [8] [9] [10] [11] [12] [13] [14] . Preoperative haemodynamic abnormalities, such as increased or decreased heart rate or BP*, can adversely affect outcomes for patients undergoing either cardiac or non-cardiac procedures [5] [6] [7] 13, [15] [16] [17] [18] [19] . The risk for adverse cardiovascular outcomes in surgical patients may be reduced by avoiding haemodynamic variability outside target parameters during the peri-operative period (Table 2 ) [4] .
Haemodynamic control
HC has been defined as a physiologic state whereby adequate blood flow to and perfusion of organs is achieved [20] . Several parameters, including heart rate, BP, central venous pressure, pulmonary artery pressure, pulmonary artery occlusion pressure, and CO/cardiac index contribute to HC [21] . It has been suggested that BP and indices of flow or perfusion (e.g. CO/cardiac index, mixed-venous haemoglobin oxygen saturation [SvO 2 ]) may simply and most effectively reflect a state of HC [21] . Assessment of heart rate and BP (variously defined as systolic BP [SBP] , diastolic BP [DBP] , mean arterial pressure [MAP] , and pulse pressure [PP] ) is easily accomplished in the peri-operative setting and may provide a reasonable surrogate of adequate organ perfusion [22, 23] . Furthermore, definitions of HC based on these and related parameters (Table 1 ) have been evaluated in prospective studies and meta-analyses [24] [25] [26] .
Results from a large number of studies have shown that abnormal heart rate and BP are independent predictors of morbidity and mortality in the non-surgical setting [27] [28] [29] [30] [31] and also in patients undergoing cardiac and non-cardiac surgical procedures [5-7, 13, 15, 16, 18, 19, 32] .
Normal BP and heart rate values in the peri-operative setting
Normal values for BP and heart rate in the peri-operative setting are not clearly defined. The Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure (JNC 7) defines normal BP as SBP/DBP <120/80 mm Hg, hypertension as SBP/DBP >140/90 mm Hg, and postural hypotension as a decrease in standing SBP >10 mm Hg [33] . The JNC 7 guidelines also indicate that BP levels >180/100 mm Hg should be controlled prior to urgent surgery. However, for elective surgical procedures, control of acute hypertension can be achieved with treatment in an outpatient setting for several days to weeks prior to the procedure [34] . These guidelines, however, are written principally to guide ambulatory management, do not address nor recognize the need to achieve "acceptable targets", and may have little, if anything, to do with management of HC in the peri-operative setting. In addition, these guidelines are not condition-or situation-specific to other patient comorbidities. In a similar vein, normal heart rate for a healthy individual at rest may range from 60 to 100 beats per minute (bpm) [35] . However, "normal heart rate" has not been defined for the peri-operative setting. Guidelines from the American College of Cardiology Foundation/American Heart Association (ACCF/ AHA) indicate that patients undergoing elective, non-cardiac surgery should begin treatment with a β-blocker with careful titration for days to weeks prior to elective surgery to increase the likelihood of achieving benefit of β-blockade while minimizing the risk of hypotension and bradycardia. Titrated heart rate control should be continued in the intraoperative and postoperative periods to maintain a heart rate of 60 to 80 bpm in the absence of hypotension [23, 36] . While some investigators have suggested acceptable ranges for heart rate (45 to 110 bpm), MAP (55 to 100 mm Hg), and SBP (80 to 160 mm Hg) in surgical patients [ [37] , there are few data to support such recommendations, and only recently have studies focused on the association and relationship between haemodynamic targets and outcomes. Data from 3,6,7,9,11-13,14 [142, 143] • Labetalol a [141] • Metoprolol [144] [145] [146] • Oxprenolol a [141] Calcium Channel Blockers:
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Normal CO values in the perioperative setting
Most individual tissues determine their own flow in proportion to need (i.e. metabolic rate, thermal rate). Brain, heart, skeletal muscle, and the splanchnic area all vary their blood flows according to local tissue metabolic rate. Summation of peripheral blood flows constitutes venous return, and thus, CO. Therefore, CO is largely determined by the metabolic rate of the peripheral tissues.
Patients undergoing cardiac surgery who are unable to sustain normal (or higher) levels of CO during the peri-operative period have substantially higher mortality rates compared with patients with low output syndrome [38] [39] [40] . The minimal normal threshold value for CO in normal patients is poorly described. Furthermore, an adequate circulatory function response to need may vary depending on the situation and other conditions, and, as a result, an optimal therapeutic goal is not always known. The time course of haemodynamic patterns in survivors and non-survivors has been described for the postoperative period after elective surgery. Shoemaker et al [41, 42] described non-survivor patterns in patients who were prospectively treated for anticipated intra-operative circulatory deficiencies. Increased cardiac index and oxygen delivery were shown to enable a protective physiologic mechanism [41, 42] . They evaluated highrisk elective surgical patients (N=356) with preoperative and intra-operative haemodynamic monitoring by the pulmonary artery thermodilution catheter [41] , and observed that haemodynamic patterns in non-survivors included decreased cardiac index, stroke index (SI), and left ventricular stroke work index ≥ 2 hours after the initiation of surgery, reduced oxygen delivery after the first hour of surgery, and decreased oxygen consumption during the third through sixth intra-operative hours. They also observed that low oxygen consumption was partly compensated by increased oxygen extraction rates, and arterial pressures were maintained by increasing systemic vascular resistance (SVR) [41] . The authors concluded that non-survivors' changes were similar to those described during the postoperative period that preceded development of organ failure and death, and that lethal circulatory dysfunctions may begin during the intra-operative period. In addition, the authors asserted that the survivors may compensate for tissue hypoxia with higher cardiac index and oxygen delivery (DO 2 ) [41] .
Others have drawn different conclusions with regard to defining an optimal CO threshold. Hayes and colleagues [43] studied patients returning to the intensive care unit (ICU) postoperatively with organ failure. Nine of 109 patients were resuscitated with fluid administration alone and survived [43] . The remaining 100 patients were randomly assigned to a control group or a protocol group that was administered high-dose dobutamine to achieve supranormal CO values, but without beneficial effects [43] . Gattinoni et al used supranormal values for cardiac index or SvO 2 to prevent organ failure in a large series of ICU patients with organ failure as a condition for admission [44] . No significant differences were observed in mortality or organ dysfunction with the targeted haemodynamic therapy [44] . However, findings of additional clinical trials have demonstrated a beneficial effect of targeted haemodynamic therapy. Cesanek et al [45] showed that administration of an aggressive, heart rate-targeted intravenous (IV) dosing regimen of metoprolol compared with a fixed-dose regimen (control; usual care) resulted in a significantly lower percentage of heart rate measurements >80 bpm (16.1% vs. 34.5%; P <0.001), and significant reduction in absolute heart rate change (P = 0.034) in patients scheduled to undergo major elective vascular surgery who were at moderate or high risk for peri-operative cardiac events (cardiac risk index ≥ 2). Although no significant differences were observed in overall mean heart rate through the preoperative and initial 24 h postoperative period among the 2 regimens, the authors concluded that an aggressive, heart rate-targeted peri-operative treatment strategy was associated with more consistent maintenance of postoperative haemodynamic parameters (i.e. heart rate) within the range recommended by current guidelines, and did not result in increased drug-related adverse events (AEs). Pölönen and colleagues [26] reported positive findings upon evaluating the effect of targeted interventions (in addition to standard clinical care) to achieve specific haemodynamic goals (e.g. SvO 2 >70% and serum lactate concentrations ≤ 2.0 mmol/L) immediately following cardiac surgery (N=403). A higher percentage of patients who received targeted therapy achieved specific haemodynamic goals (84 patients; 42.9%) compared with patients who received standard care (114 patients; 57.9%). In addition, patients who achieved haemodynamic targets as a result of the targeted therapy had significant reductions in organ dysfunction on the first postoperative morning in the ICU (P <0.001), postoperative morbidity (P <0.001), and mortality rate at 6 and 12 months (p < 0.05 for each comparison) vs. patients who did not achieve haemodynamic targets. The authors concluded that goal-directed haemodynamic therapy of normal oxygen transport and lactate in the immediate postoperative period can improve clinical outcomes in cardiac surgery patients.
Why is HC important in the surgical setting?
Physiologic stress associated with surgical procedures may be associated with adverse peri-operative cardiovascular events (i.e. cardiac death, nonfatal MI, nonfatal cardiac arrest) [46] . A closer look at BP and heart rate BP consists of a steady component (MAP) and a pulsatile component (PP), the difference between SBP and DBP. Arterial compliance relates to the change in stroke volume and inversely to the ensuing change in pressure. The fluid-pressure dynamic of BP is determined by different parameters depending on its component subtype; for example, the determinants of MAP are left ventricular (LV) ejection and peripheral vascular resistance (PVR), whereas the determinants of SBP are stroke volume, LV ejection, distensibility, and wave reflection. The determinants of PP are LV ejection, viscoelasticity, and wave reflection. The actual observed pulse contour that is displayed on a monitor is a summation of forward and returning pressure waves. It also has been suggested that a patient's haemodynamic state is modulated with each heart beat and that organ perfusion may be best predicted by cardiac index, defined as heart rate times SI [54] . PP is an index of conduit vessel stiffness and the rate of pressure wave propagation within the arterial tree [55, 56] . When stiffening of the aorta occurs, propagated and reflected waves within the arterial tree travel much more rapidly, resulting in an early return of the propagated wave to the central aorta during late systole as opposed to early diastole. This augmented systolic component thereby effectively increases afterload, and the ensuing loss of DBP augmentation may decrease organ perfusion, including coronary, cerebral, and renal perfusion pressure. This condition is exacerbated in the setting of tachycardia, as the potential for the reflected pressure wave propagation to occur in late systole vs. early diastole is greater. The waveform obtained with PP monitoring can provide indications of adequate or inadequate end-organ perfusion [57] . Further, there is an inverse relationship between heart rate and the augmentation index of the PP wave, a parameter measured by pulse wave analysis that is used as a surrogate measure of arterial stiffness [58] .
There is a close relationship between aging, long-standing arterial hypertension, vascular disease, and PP, all acting in concert to limit organ flow and reserve [55] . In patients undergoing cardiac or major vascular surgery, the combination of such pre-existing vasculopathy and aortic-wall injury from surgical manipulation (aortic clamping/declamping, cannulation, and decannulation) provide a compelling pathophysiologic basis for the increased postoperative vascular complications observed in patients with non-compliant arteries, and is manifested by increased PP [17, 56] . This is also true of the inflammatory response associated with cardiopulmonary bypass (CPB) [59] . 
Impact of inadequately controlled heart rate and BP in cardiac surgery
It is well understood that peri-operative hypertension and tachycardia increase myocardial oxygen consumption and LV end-DBP and contribute to subendocardial hypoperfusion and myocardial ischemia [65] . It also increases the risk of stroke, neurocognitive dysfunction, and renal dysfunction, and contributes to surgical bleeding from anastomotic sites. In addition, it is now understood that poor HC (elevated heart rate and BP) during surgery can trigger hyperinflammatory and procoagulation conditions, including platelet activation [47] , which may compromise microvascular blood flow [66] [67] [68] . The assessment, characterization, and management of HC in the setting of cardiovascular surgery is confounded by acute mechanical and physiologic perturbation involving aortic occlusive clamps, excessive release of catecholamine, reperfusion injury, humoral and cellular inflammatory response, and platelet activation, which can compromise microvascular blood flow. Several studies have provided information about the association between poor heart rate control and increased risk for morbidity and mortality in cardiac surgery patients [13, 15, 69] . In a study of 2149 patients undergoing coronary artery bypass grafting (CABG) surgery, both preoperative bradycardia (low heart rate defined as 30 to 39 bpm; very low heart rate defined as <30 bpm) and tachycardia (high heart rate defined as 101 to 120 bpm; very high heart rate defined as >120 bpm) were significant predictors of perioperative MI (P = 0.007 and P = 0.028, respectively) [13]. Further, both postbypass tachycardia and hypotension (MAP <49 mm Hg) during CPB were significant predictors of mortality (P = 0.025 and P = 0.001, respectively). In a study of 566 patients undergoing CPB, the duration of hypotension (SBP <90 mm Hg) after CPB also was a significant predictor of MI, determined by Q-wave, myocardial fraction of creatine kinase, or at autopsy (P = 0.04) [70] . The incidence of early postoperative complications (a composite of mortality, MI, stroke, or transient ischemic attack) was assessed in 1022 patients undergoing CABG surgery [15] . Both elevated heart rate (69.9 vs. 64.9 bpm) and PP >70 mm Hg were correlated with significantly elevated risk for the composite end point (P < 0.0001 and P < 0.03, respectively). A separate study of 5934 CABG patients found that pre-induction heart rate ≥ 80 bpm was correlated with an increased risk for in-hospital mortality (P < 0.0001) [69] . The authors suggested that heart rate, while not definitive, may be either a cause of the observed mortality, a marker for irreversible myocardial damage, or an indicator of patients with limited cardiac reserve at risk for further injury. There also is circumstantial evidence that risk for adverse cardiac events in cardiac surgery is increased when BP is not controlled preoperatively. A prospective epidemiologic study of 2147 CABG patients indicated that isolated systolic hypertension (SBP >140 mm Hg) was present in 29.6% of the study cohort and was independently associated with a 30% increased risk for adverse outcomes, including LV dysfunction, cerebral vascular dysfunction or events, renal insufficiency or failure, and all-cause mortality, after adjustment for other risk factors (odds ratio [OR] = 1.3; P = 0.008) [6] . An association between predictor variables and postoperative renal dysfunction and/or renal failure was established in a prospective and descriptive study of patients who had undergone CABG surgery with CPB. Of a total of 4801 patients, postoperative renal events occurred in 231 patients (4.8%). Among these patients, significant independent risk factors were age >75 years (OR = 2. 
Impact of inadequately controlled heart rate and BP in non-cardiac surgery
Several studies have investigated the risks associated with loss of HC in patients undergoing non-cardiac surgery (Table 3) . In a retrospective study of 797 patients undergoing major non-cardiac surgery, both intra-operative tachycardia (defined as heart rate >110 bpm: OR = 2.704; P = 0.01) and hypertension (defined as SBP >160 mm Hg: OR = 2.095; P = 0.009) were independently associated with negative surgical outcome (postoperative hospital LOS >10 days with a morbid condition or death) after major non-cardiac surgery of long duration (>220 minutes) [14] . MAP also has been evaluated as an intra-operative index of peri-operative risk during non-cardiac surgery. It has been reported that high-risk patients who experience a drop in MAP >20 mm Hg for more than 1 hour or the same, in addition to an increase in MAP >20 mm Hg for more than 15 minutes from baseline while undergoing elective non-cardiac surgery, had the greatest risk of complications [72] . Basali and colleagues evaluated the relationship between peri-operative hypertension (BP ≥ 160/90 mm Hg) and postoperative intracranial haemorrhage (ICH) following craniotomy. In this case-control study of 69 patients who developed ICH postoperatively and 138 control subjects, 62% of patients with ICH had peri-operative hypertension vs. 34% of controls (P <0.001) [5] . A retrospective study of operative morbidity and mortality in 621 patients undergoing surgery for non-small cell lung cancer also indicated that risk for complications was significantly increased in those with peri-operative hypertension (OR = 4.0; P <0.05 based on 95% CI) [12] . Further, results from the Peri-Operative ISchemic Evaluation (POISE) trial, which evaluated the effect of peri-operative β-blockers vs. placebo on the 30-day risk of major cardiovascular events, demonstrated that hypotension (SBP <100 mm Hg: OR = 4.97; 95% CI = 3.62-6.81) and bradycardia (heart rate <45 bpm: OR = 2.13; 95% CI = 1.37-3.32) are both associated with significantly increased mortality, and that hypotension is also correlated with increased risk for peri-operative stroke (OR = 2.14; 95% CI = 1.15-3.96) [73] .
Management of heart rate and BP in the peri-operative setting
An often-cited goal of treatment in the perioperative surgical setting is to rapidly and effectively achieve, and then maintain, targeted BP and heart rate [49] . Current treatment recommendations for peri-operative HC in patients undergoing either cardiac or non-cardiac procedures provide only limited guidance with respect to establishing target goals, monitoring standards, or intervention options [23] . However, evidence from randomized, controlled clinical studies now support the benefit of interventions aimed at achieving and maintaining HC (i.e. BP and heart rate) in low-or high-risk surgical patients (Table 2 ) [4, 85, 86] .
Pharmacotherapy for maintaining HC
A crucial issue with peri-operative maintenance of HC is achieving and maintaining desired BP and heart rate targets while avoiding the risk of treatment-associated AEs, notably hypotension and bradycardia [37, 87] . The properties of the agents most commonly used for controlling heart rate and BP in the peri-operative setting are summarized in Table 4 .
Conclusions
Loss of HC (increased heart rate and/or BP) is common during cardiac and non-cardiac surgical procedures. It is estimated that hypertensive episodes requiring intervention occur in approximately 50% of patients undergoing major surgery [49] . As the occurrence of hypertension increases, there is a concomitant increase in risk for adverse cardiac outcomes [14, 51, 52] . Several studies have clearly demonstrated that elevated BP and heart rate in the cardiac and non-cardiac surgery setting place patients at increased risk for poor surgical outcomes [5,6,13- Nonfatal cardiac arrest [52] Hypotension [37, 70, 73, 87, 91] Nonfatal myocardial infarction [13, 51, 166] Intracranial haemorrhage [5] Myocardial ischaemia [92, 142, [166] [167] [168] Neurological complications [53] Cardiovascular death [13, 17, 52, 166] Renal failure or insufficiency [6] Atrial fibrillation [169] Cerebrovascular accident [6] Atrial flutter [52] Left ventricular dysfunction [6] Postoperative myocardial infarction [52] Peri-operative myocardial infarction [13] Longer stay in the intensive care unit [52] Life-threatening cardiorespiratory complications [12] Mortality [13] Mortality [12] Congestive heart failure [17] ] Short-acting cardioselective β-blocker
• Sinus bradycardia • Heart block greater than first degree • Cardiogenic shock or overt heart failure Rapidly acting dihydropyridine calcium channel blocker
• Advanced aortic stenosis
Non-dihydropyridine calcium channel blocker • Short-acting peripheral dopamine D1 receptor agonist
• Mediates peripheral vasodilation 17, 53, 57] , which are improved when these haemodynamic factors are controlled. However, it is important to balance control of heart rate and BP against the increased risk of hypotension and bradycardia. The mechanisms responsible for loss of perioperative HC include hyperadrenergic response to surgery, increased SVR, preload shifts, rapid intravascular volume shifts, renin angiotensin activation, adrenergic stimulation (cardiac and neural), serotonergic overproduction, baroreceptor denervation, altered cardiac reflexes, inadequate anaesthesia, and regional mechanical forces (application of vascular occlusive clamps). In addition, it is known that adverse vascular outcomes associated with acute fluctuations in heart rate and BP, superimposed on pre-existing hypertension (acute on chronic phenomenon), appear to be accelerated in the surgical setting [137, 138] . While haemodynamic indices developed and evaluated in large cohorts have identified patients at high risk for complications during surgical procedures [55] , there is still a lack of agreement regarding thresholds for intervention and appropriate treatment goals [49, 139] . A wide range of agents, including short-and long-acting β-blockers, CCBs, inotropes/chronotropes, and inovasodilators are available for management of peri-operative heart rate, BP, and CO. Treatment selection should be based on the clinical situation and patient's condition, and should consider important pharmacokinetic and pharmacodynamic parameters of the various agents available. An ideal agent should have an immediate onset of action, a short duration of action, be easy to titrate precisely, and have demonstrated safety and efficacy in the treatment of peri-operative hypertension [49] . The clinician's challenge is to choose the optimal therapy to accomplish this goal and avoid heart rate and BP levels that are too high (hypertension, tachycardia) or too low (hypotension, bradycardia). Just as we were reminded in the story of Goldilocks and the Three Bears, "not too hot and not too cold", so it is with achieving this "Goldilocks balance" that defines the art of HC. 
